Streptococcus mutans is an important etiological agent of dental caries in humans. The extracellular polysaccharides synthesized by cell-associated glucosyltransferases (encoded by gtfBC) from sucrose have been recognized as one of the important virulence factors that promote cell aggregation and adherence to teeth, leading to dental plaque formation. In this study, we have characterized the effect of CovR, a global response regulator, on glucosyltransferase expression. Inactivation of covR in strain UA159 resulted in a marked increase in the GtfB and GtfC proteins, as analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. With the use of a transcriptional reporter system of a single chromosomal copy of the PgtfB-gusA and PgtfC-gusA fusions, we confirmed the transcriptional regulation of these promoters by CovR. By in vitro electrophoretic mobility shift assays with purified CovR protein, we showed that CovR regulates these promoters directly. DNase I footprinting analyses suggest that CovR binds to large regions on these promoters near the transcription start sites. Taken together, our results indicate that CovR negatively regulates the expression of the gtfB and gtfC genes by directly binding to the promoter region.
Streptococcus mutans is considered to be the principal etiological agent of dental caries (39) . The abilities to metabolize carbohydrates and to adhere to and form tenacious biofilms on tooth surfaces are believed to be critically associated with the cariogenicity of this pathogen. In S. mutans, the extracellular polysaccharides synthesized from sucrose have been recognized as one of the important virulence factors for dental caries formation. S. mutans produces ␣-(1-3)-and ␣-(1-6)-linked glucan polymers synthesized by the cell-associated and secreted glucosyltransferases (GTFs) encoded by the gtfB, gtfC, and gtfD genes. The gtfB and gtfC genes are tandemly arranged and encode the GTF-I and GTF-SI enzymes, respectively, that synthesize water-insoluble, ␣-(1-3)-rich glucan. The GTF-S enzyme, encoded by gtfD, is responsible for water-soluble ␣-(1-6)-rich glucan synthesis. Water-insoluble glucans are a significant constituent of plaque biofilms that facilitate adherence and accumulation of stable biofilms mediated by glucan-binding proteins. Biofilm formation is influenced by the amount of GtfB and GtfC produced by S. mutans (43) , and both GtfB and GtfC have been shown to be involved in adherence and cariogenesis in animal models (46, 60) .
S. mutans also synthesizes four glucan-binding proteins: GbpA, GbpB, GbpC, and GbpD. The loss of any of the Gbps has an impact on adhesion or biofilm formation (3) . For example, loss of GbpC (encoded by gbpC) changes the architecture of the sucrose-dependent biofilm deposited on experimental surfaces (2, 3) . GbpC is a cell wall-associated protein and contains an LPXTG motif at the C terminus that is needed for sortase-mediated cell wall anchoring (50) and is actively involved in rapid, dextran-dependent aggregation during biofilm formation (50) . It is assumed that GbpC is the cell surface glucan receptor originally predicted to explain dextran-dependent aggregation and sucrose-dependent cell association of GTFs and Gbps (3, 50) .
Although GTFs and Gbps clearly contribute to dental plaque formation, the molecular mechanisms by which the genes that encode them are regulated are not clearly understood. The activity of GTF enzymes can be modulated by environmental conditions such as pH, ion concentration, and oxidation-reduction potential (reviewed in reference 45). Expression of gtf genes was originally thought to be constitutive, but recent analysis with reporter fusions (23, 37, 59 ) and direct measurements of specific mRNA (20) has identified several environmental signals, including pH, carbohydrate availability, and growth phase, which have profound effects on the expression of the gftB, gtfC, and gtfD genes. Since the gtfB and gtfC genes are very close together, it was originally thought that expression of the gtfB and gtfC genes was linked (56) . However, recent data suggest that the expression of these two genes is not linked (21, 23, 53) . Although we begin to understand how gtfBC genes are regulated, very little is known about the regulation of various Gbps.
Two-component signal transduction systems play important roles in bacterial gene expression in response to a variety of stimuli (16) . These systems consist of a sensor kinase and an effector, or response regulator (RR), which is generally a DNA-binding protein that modulates the expression of certain target genes. In S. mutans, at least 13 complete two-component systems have been identified (1) . Only a few two-component systems have been studied to a limited extent in this bacterium. In many cases, two-component regulatory systems are either implicated in or have been directly shown to regulate biofilm development (5, 38, 40, 52, 62) . In S. mutans, at least three two-component systems were shown to be directly involved in biofilm formation (5, 32, 38) .
The CovR/S two-component signal transduction system is a global regulator of virulence gene expression in group A and group B streptococci (GAS and GBS, respectively). The RR CovR regulates about 15% of the genes in GAS; many of them are involved in pathogenesis (24) . In GBS, CovR regulates at least 6% of the genes (36) and is essential for virulence (33) . S. mutans also encodes a CovR ortholog, variously known as GcrR or TarC (32, 51) ; however, the CovS ortholog remains to be identified in S. mutans (1) . It was previously shown that inactivation of covR in S. mutans led to altered biofilm formation, and the corresponding mutant was hypocariogenic (32, 51) . Transcriptional analysis revealed that CovR represses at least two important genes, gtfD and gbpC, in S. mutans (32) .
In this study, we have characterized the effect of CovR on gtfB and gtfC expression. Inactivation of covR in the UA159 strain resulted in a marked increase in the production of the GtfB and GtfC proteins as analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE). Reporter fusion analysis suggests that both these genes are regulated by CovR at the transcription level. In vitro DNA-binding assays with purified CovR protein showed that CovR binds directly to both the PgtfB and PgtfC promoters and protects from DNase I. This is the first step in understanding the mechanism of gene regulation by CovR, an important RR in S. mutans.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Escherichia coli strain DH5␣ was grown in Luria-Bertani medium, and when necessary, ampicillin (100 g ml Ϫ1 ), kanamycin (100 g ml Ϫ1 ), and/or spectinomycin (100 g ml Ϫ1 ) were included. S. mutans UA159 is a standard laboratory strain that belongs to Bratthall serotype c. This strain was originally isolated by Page Caufield (University of Alabama, Birmingham), and its whole genome has been sequenced recently (1) . S. mutans strains were routinely grown in Todd-Hewitt medium (BBL, Becton Dickinson) supplemented with 0.2% yeast extract (THY). When necessary, kanamycin (300 g ml Ϫ1 ), erythromycin (10 g ml Ϫ1 ), and/or spectinomycin (300 g ml Ϫ1 ) were included.
Construction of a covR deletion strain. The covR gene was insertionally inactivated in the UA159 strain by gene replacement. A 1.7-kb DNA fragment containing the entire covR gene and flanking regions was PCR amplified from UA159 genomic DNA with primers Bam-CovR F4 and CovR R4 ( Table 1 contains the sequences of the primers used). The DNA fragment was cloned into the pGEMT-Easy TA cloning vector (Promega), and the resulting plasmid (pIB10) was confirmed by restriction analysis. A 1.4-kb spectinomycin resistance cassette (aad9) was isolated from plasmid pUCSpec (31) upon digestion with PstI and blunt ended. It was then ligated into a unique MfeI site (restricted and blunted with T4 polymerase) within the covR coding sequence, and the resulting construct was named pIB26. The orientation of the spectinomycin resistance cassette was verified by PCR. Since the aad9 gene does not carry a terminator, it is expected that insertion of the aad9 gene would be nonpolar. Plasmid pIB26 was linearized with NotI and then used to transform S. mutans strain UA159 according to a previously published protocol (11) . Spectinomycin-resistant transformants were selected on THY agar containing the appropriate antibiotic, and PCR analysis with flanking primers and Southern hybridization with the entire region as a probe were done to confirm that covR inactivation had occurred by double-crossover recombination. This strain was named IBS10.
Construction of covR-complementing plasmid pIB30. To express the covR gene in trans, a PCR fragment containing the full-length covR gene and the 654 bp upstream of its start codon was amplified from UA159 by using primers Bam-CovR F4 and Bam-CovR R2, which introduced unique BamHI sites at both ends. The resulting 1.34-kb fragment was restricted with BamHI and cloned into BamHI-restricted plasmid pOri23 (49) , an erythromycin resistance-encoding shuttle vector able to replicate in streptococci, to create pIB30. Plasmid pIB30 contains only the intact covR gene under its own promoter and no other downstream genes.
Construction of reporter strains. To construct a reporter strain, we chose the Smu1405 locus into which to insert a reporter fusion. This locus encodes putative transposon-related proteins; therefore, we anticipate that inactivation of this locus will have no effect on gene regulation. A PCR fragment 1.1 kb in length corresponding to the Smu1405 locus was amplified from UA159 with primers Smu1405-F and Smu1504-R-Sac. This PCR fragment was digested with KpnI and SacI and cloned into KpnI-SacI-digested pBluescript-SKII (Stratagene) to generate intermediate plasmid pIB105. In order to construct plasmids for reporter fusions, we isolated a gusA reporter gene. A 4.8-kb PacI-SacI fragment containing the gusA reporter gene and a kanamycin resistance gene was isolated from plasmid pJRS462 (8) GusA assays. Specific activity of ␤-glucuronidase (GusA) was assayed essentially as previously described (8) . Briefly, strains were grown to late exponential phase in THY broth and cell lysates were prepared for GusA activity. The GusA activity in the lysate was standardized by comparison to known concentrations of glucuronidase (Sigma). The protein concentration in the lysate was determined by the BCA protein assay (Pierce) standardized against bovine serum albumin.
Preparation of whole-cell extract and supernatant proteins. Overnight cultures were grown in THY, collected by centrifugation, and washed twice in one-half volume of phosphate-buffered saline. The cell density was adjusted to 5.0 cell units ml Ϫ1 (1 cell unit ml Ϫ1 is equivalent to 1 ml of culture at an optical density at 600 nm of 2.0), and total cell extracts were prepared by lysing the cell suspension with a glass bead beater as described for S. pyogenes (6) . For culture supernatant proteins, cells were removed from fresh overnight culture by centrifugation, followed by filtration through a 0. 2-m-pore-size filter. Proteins were obtained by precipitation with trichloroacetic acid (25% [wt/vol] final concentration) on ice for 2 to 4 h, washed with acetone, and resuspended in 1ϫ gel loading buffer (NEB) to 1/40th volume.
Biofilm formation assay. Biofilms of S. mutans were grown in two different media. UA159 and its derivatives were grown overnight in THY medium at 37°C anaerobically. The culture was diluted 1:10 into fresh THY medium and incubated further for 6 h. The culture was then diluted 1:1,000 with either THY or BM (40) medium containing 1% sucrose. A 0.4-or 0.8-ml volume of this cell suspension was added to each well of an eight-well or four-well, respectively, glass chamber slide (Lab-Tek; Nalge Nunc International) for biofilm formation on glass. For biofilm formation on a polystyrene surface, U-bottom 96-well microtiter plates (Corning Inc.) were used. Biofilm was also formed on ceramic hydroxyapatite disks (0.5 in. in diameter by 0.05 in. thick; Clarkson Chromatography Products Inc.). The slides or microtiter plates were incubated at 37°C for 20 to 24 h as a static culture to allow biofilm formation. Biofilms were stained by 0.01% crystal violet and photographed. Biofilms formed on glass slides and on hydroxyapatite disks were analyzed by scanning electron microscopy (SEM). Slides and disks were washed once with sterile water, fixed with glutaraldehyde, and incubated at room temperature overnight. Following dehydration through a graded series of ethanol washes, slides were air dried, sputter coated with gold, and analyzed by SEM (ISI-60A; International Scientific Instruments) at various magnifications at the University of South Dakota core facility.
Primer extension analysis. UA159 was grown to mid-log or stationary phase as described above. Cells were collected by centrifugation, and total RNA was extracted with a FastRNA Blue kit (QBiogen) as described previously (8) . Complementary oligonucleotides that were mapped to the 3Ј side of the transcription start site (Table 1) were 5Ј end labeled with [␥-32 P]ATP. Primer extension was carried out with SuperscriptII RNase H reverse transcriptase (Invitrogen) by following the manufacturer's recommended protocol. Samples were analyzed on a 6% denaturing sequencing gel with sequencing reaction mixtures (USB) as markers, followed by phosphorimaging.
Construction and purification of MBP-CovR. To generate a maltose binding protein (MBP)-CovR fusion protein, covR was amplified from the UA159 chromosome with primers Eco-CovR-F2 and Bam-CovR-R2. This PCR fragment was restricted with EcoRI and BamHI and cloned into EcoRI-BamHI-digested pMalC2 (New England Biolabs) to make pIB7. MBP-CovR from pIB7 was overexpressed in E. coli DH5␣ after cells were grown at 37°C to an optical density at 600 nm of 0.5. Expression was induced by addition of 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG). Cells were grown for another 3 h at 37°C, collected by centrifugation, and resuspended in buffer A (20 mM Tris-Cl, pH 7.4, 200 mM NaCl, 2 mM 2-mercaptoethanol). Cells were lysed by sonication, and insoluble cell debris was removed by centrifugation. The cleared lysate was then passed over an amylase resin column (New England Biolabs) and washed with 6 volumes of buffer A. MBP-CovR was eluted from the column with 5 volumes of buffer A containing 10 mM maltose. Eluted MBP-CovR was dialyzed overnight in buffer containing 10% glycerol, 20 mM Tris-Cl, pH 7.4, 50 mM NaCl, 1 mM EDTA, 2 mM 2-mercaptoethanol, and 20 mM phenylmethylsulfonyl fluoride. The final concentration of MBP-CovR was measured by comparison with bovine serum albumin with the BCA kit, and aliquots of MBP-CovR were stored at Ϫ80°C.
Electrophoretic mobility shift assay (EMSA). PCR fragments were generated from the gtfB and gtfC promoters by using primers Bam-GtfB-F3 and XhoGtfB-R3 and primers Bam-GtfC-F1 and Xho-GtfC-R1, respectively. PCR fragments were end labeled as described elsewhere (7) . Various concentrations of MBP-CovR were incubated in DNA-binding buffer [50 mM NaPO 4 , pH 6.5, 50 mM NaCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 1 mM dithiothreitol, 2 g/ml poly(dI-dC), 10% glycerol] in a final volume of 40 l at room temperature for 40 min with 0.1 pmol of radiolabeled PCR fragments containing promoter elements of either gtfB or gtfC. If the protein was to be phosphorylated, 50 mM acetyl phosphate was added to the MBP-CovR in the DNA-binding buffer and incubated at room temperature for 45 min prior to the addition of radiolabeled PCR fragments. After incubation, samples were loaded onto a 50 mM NaPO 4 -buffered (pH 6.5) 5% native acrylamide gel. Gels were run at room temperature at 120 V for approximately 3 h, dried, and exposed to a phosphorimager plate.
DNase I protection assay. MBP-CovR was allowed to bind to the same radiolabeled DNA fragments as described above, but after incubation at room temperature, 2 l of a 0.02-U/ml solution of DNase I (Epicenter) was added and the mixture was incubated further at room temperature for 2 min. The DNA was precipitated, run on an 8% denaturing gel containing 7 M urea and 1ϫ Tris-borate-EDTA buffer, and analyzed by autoradiography on a phosphorimager plate.
RESULTS

Construction and characterization of a covR mutant.
To investigate the putative role of the orphan RR CovR in S. mutans, a covR mutant was constructed in strain UA159. The covR coding sequence was cloned and disrupted at amino acid position 70 by inserting a spectinomycin resistance gene before transferring it to the UA159 chromosome by allelic exchange. The double-crossover event was confirmed by PCR and Southern blot analysis (data not shown). The orientation of the spectinomycin resistance gene was determined by PCR and found to be the same as that of the covR gene (data not shown). In order to characterize the growth of the covR mutant strain (IBS10), its colony morphology and ability to form a biofilm on borosilicate glass and polystyrene microtiter plates were studied. The growth rates of both the wild-type and covR mutant strains in ThyB with and without 1% sucrose were the same (data not shown). However, we observed clumping in the covR mutants in THY containing 1% sucrose. Visible clumping was observed when the IBS10 culture reached mid-log phase (Fig. 1A) . Interestingly, no differences in colony morphology between UA159 and IBS10 were found. Previously, a covR mutant of S. mutans strain UA130 was shown to form aberrant biofilms (32) . Therefore, we tested IBS10 for the ability to form a biofilm on borosilicate glass and polystyrene surfaces. Cultures were grown in BM medium (40) with 1% sucrose or in THY with 1% sucrose for 48 h. As shown in Fig. 1B , biofilm formation was drastically reduced in IBS10 compared with its isogenic wild-type parent, UA159. When analyzed by SEM, the architecture of the biofilm formed by IBS10 appeared to be altered compared to that of UA159. The covR mutant formed large aggregates heterogeneously distributed throughout the biofilm matrix (Fig. 1C) . Taken together, our results suggest that there are significant phenotypic differences between the covR mutant and wild-type UA159.
Altered protein expression in the covR mutant. Since the covR mutant produced altered biofilms, we wanted to compare the protein profiles of the wild type and the covR mutant mainly because the expression of two exported virulence factors, GbpC and GtfD, required for biofilm formation was re-cently shown to be affected by covR mutation in S. mutans (32, 51) . The protein profiles of the wild type (UA159) and the covR mutant (IBS10) were determined for both total cellular and extracellular proteins by resolution via 4 to 20% gradient SDS-PAGE. As shown in Fig. 2 , in the crude cell lysate of stationary-phase cells, two or three bands appeared to be overexpressed in the covR mutant. In the whole-cell lysate, several bands were up-regulated and several other bands were downregulated in the mutant. Two distinct bands of approximately 170 kDa were elevated in the mutants compared to their wildtype counterpart. The larger band was overproduced in both the crude extract and the supernatant, while the lower band appeared to be overproduced only in the supernatant. But the lower band could be identified in comparable amounts in both the total cell extract and the culture supernatant fraction if the extracts were from the mid-log-phase cells (data not shown). To identify these two bands, we excised them from the gel and analyzed them by mass spectrometry. The larger protein was identified as GtfB, and the smaller protein was identified as GtfC. Thus, these results indicate that CovR either directly or indirectly represses the production of the GtfB and GtfC proteins in the cell and in the culture supernatant.
covR represses gtfB expression at the transcriptional level. Since CovR is an RR (transcription factor) and since CovR was shown to repress the transcription of various genes in other streptococci, we asked whether CovR represses gtfB expression at the transcriptional level. To facilitate studies of gene regulation in S. mutans, a transcriptional reporter strain was constructed in a manner similar to that previously used for GAS (12) as described in Materials and Methods. The structure of the reporter construct is shown in Fig. 3A . Strain IBS137 contains a PgtfB-gusA transcriptional fusion in the chromosome, and both the native covR and gtfBC loci are unaltered in this strain. To study the effect of CovR on gtfB expression, covR was inactivated in the IBS137 strain with plasmid pIB26 to generate IBS113. Transcription of PgtfB was quantitated in these strains by measuring the activity of GusA produced from the PgtfB-gusA reporter fusion (Fig. 3B) . For this assay, cells were grown in THY broth and harvested in the late exponential phase. We found that covR mutant strain IBS113 showed twofold more PgtfB-gusA expression than covR ϩ parent strain IBS137. To be sure that this effect was caused by the covR mutation, complementation experiments were done. A DNA fragment including covR with its potential promoter region was cloned into pOri23, which replicates in S. mutans, to generate pIB30. This plasmid contains only the covR gene and no other downstream genes. As a control, we used IBS113 containing the vector pOri23. This control strain had essentially the same GusA activity as strain IBS113 (86% activity), while the complemented strain, IBS113/pIB30, expressed about the same as the parental IBS137 strain. Thus, when covR was expressed in trans from a multicopy plasmid, PgtfB expression was decreased to the wild-type level. Therefore, it appears that CovR represses expression from the PgtfB promoter. Since we could complement the phenotype with just covR alone, this rules out the possibility that other downstream genes are involved in the process.
Mapping of the transcription start site of the gtfB gene. In order to analyze the regulation of gtfB expression by CovR, it was necessary to map precisely the start site within the upstream intergenic region of gtfB. We performed primer extension analysis with RNA extracted from UA159. Extension of the RNA with a gtfB-specific primer gave rise to a single band that mapped at 42 nucleotides upstream of the ATG start codon (Fig. 4) . Analysis of the sequence upstream of the mapped 5Ј RNA ends reveals a poorly conserved Ϫ10 sequence (TgTtAc, uppercase denotes consensus) and a poorly conserved Ϫ35 region (TTGttt). Since the Ϫ10 sequence is very poorly conserved, it is possible that the observed site may be due to RNA processing. Sequence analysis of the immediate upstream region of PgtfB (275 bp) failed to identify any other promoter-like sequences. Moreover, a fragment carrying this region showed The promoter region of gtfB with the sequence encoding the first 11 amino acids of GtfB was fused to the gusA reporter gene. The PgtfBgusA reporter construct was inserted into the UA159 chromosome at the Smu1405 locus (which is linked to neither the covR locus nor the gtfBC locus) to create IBS137. covR was inactivated in IBS137 to create IBS113. Symbols: bent arrow, promoters; white box, ribosome-binding site, dashed line, chromosomal region. Arrowheads indicate the primers used for PgftB promoter amplification. (B). GusA activity in the wild-type and covR mutant strains. Samples were collected at midexponential phase for determination of glucuronidase activity. The values shown are units of glucuronidase activity (with standard errors of the mean of experiments repeated at least twice).
FIG. 4.
Primer extension analysis at the gtfB promoter region. RNA was isolated from strain UA159 and used for primer extension analysis. The DNA sequences generated from the gtfB gene with the same primer (G, A, T, and C) are shown on the left, and the primer extension product is indicated by bent arrows. The DNA sequence (antisense strand) is shown. The putative transcriptional start site is shown by an asterisk, and the Ϫ35 and Ϫ10 regions are underlined. The italicized sequence is the beginning of the gtfB open reading frame. nt, nucleotides.
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on October 15, 2017 by guest http://jb.asm.org/ promoter activity (see below), indicating that the observed primer extension product may be the authentic transcription start site. Thus, the transcription start site of the gtfB gene is very close to the translation start site. CovR binds the promoter sequence of the gtfB gene. As shown above, expression of gtfB is repressed by the CovR RR. In order to determine whether this repression is direct, we studied the binding of CovR to the gtfB promoter region. We cloned the covR coding sequence into an expression vector that allowed overexpression of an amino-terminal MBP-CovR fusion protein. This construct was selected because similar aminoterminal fusion constructs from the GAS CovR ortholog were found to bind indistinguishably from native CovR (19) . The MBP-CovR fusion protein from S. mutans remained soluble when overexpressed in E. coli and was purified over an amylase column. This fusion protein was Ͼ95% pure, as revealed by Coomassie staining (data not shown).
To study binding of purified MBP-CovR protein, a 351-bp PCR fragment that included positions Ϫ275 to ϩ76 (with respect to the start of transcription) of PgtfB was used in a gel mobility shift assay. As shown in Fig. 5 , we found that purified MBP-CovR bound a DNA fragment containing PgtfB. In the binding assays, three retarded forms were observed (Fig. 5,  arrows) . At a CovR concentration of 1 M, the predominant CovR-PgtfB complex is form I, and at concentrations of 2 to 8 M, slower-migrating complexes (forms II and III) are visible. To show the specificity of binding, we performed competition assays. Addition of a 50-fold molar excess of a similarly sized, unlabeled DNA fragment containing rpsL, a constitutively expressed gene, had no effect on binding, whereas addition of a 25-fold molar excess of the unlabeled PgtfB fragment eliminated binding to the labeled PgtfB fragment (data not shown).
Because the affinity for DNA of two-components regulators often depends on their phosphorylation state and because it has been shown previously that addition of phosphate to MBP-CovR of GAS increases its affinity for target DNA (4, 19, 44) , we asked whether addition of phosphate would increase the affinity of purified MBP-CovR for PgtfB DNA. Prior incubation of MBP-CovR with acetyl phosphate, a small-molecule phospho donor routinely used for phosphorylation, did not increase its affinity for PgtfB. Therefore, phosphorylation apparently has no effect on CovR binding. Because we did not determine the efficiency of phosphorylation of CovR by acetyl phosphate, we cannot rule out the possibility that addition of acetyl phosphate did not change the phosphorylation status of CovR.
CovR binds to a large region near the gftB promoter. To identify the region within PgtfB important for CovR binding, we used a DNase I protection assay. The PgtfB probe used for this is the same 351-bp PCR fragment used in the gel mobility shift assay, except that the DNA was end labeled only on one strand. As shown in Fig. 6 , MBP-CovR binding resulted in a large DNase I footprint on PgtfB that surrounded the Ϫ35 and Ϫ10 sequences, whose size and/or intensity increased with increasing protein concentrations (Fig. 6, lanes 2 to 5) . Based on the sequencing ladder that was run alongside, we found that the total protected region was approximately 150 bp and spanned positions Ϫ110 to ϩ33 (ϩ1 is the transcription start site) of PgtfB. Therefore, CovR protects a large region of the PgtfB promoter covering the Ϫ35 and Ϫ10 sequences.
CovR also regulates PgtfC expression. Because we observed increased GtfC expression in the covR mutant and because gtfC has its own promoter (in addition to expression from the gtfB promoter), we asked whether CovR also regulates this PgtfC promoter independently of PgtfB. We first tested expression of PgtfC by generating a PgtfC-gusA reporter fusion as described in Materials and Methods. Strain IBS138 contains a PgtfC-gusA transcriptional fusion in the chromosome. As before, covR was inactivated in IBS138 by allelic exchange to create IBS114. Transcription of PgtfC was quantitated in these strains by measuring the GusA activity produced from the PgtfC-gusA reporter fusion (Fig. 7A) . We found that overall transcription from PgtfC was approximately three-to fourfold lower compared to that from PgtfB in the wild-type background. We also found that inactivation of covR increased PgtfC expression. The difference was 1.5-fold (statistically significant). In order to confirm that increased PgtfC expression was indeed caused by covR mutation, IBS114 was complemented with pIB30. As expected, IBS114/pIB30-produced PgtfC expression was similar to that produced by wild-type IBS138, while the vector control strain IBS114/pOri23 did not change PgtfC expression. Thus, like PgtfB, PgtfC is repressed by CovR at the transcriptional level.
In order to map the exact transcription start site within the upstream intergenic region of PgtfC, we performed primer extension with RNA extracted from UA159. We obtained two products that were mapped at 43 and 45 nucleotides upstream from the ATG start codon of gtfC. A fairly conserved Ϫ10 sequence (TAcAAT) and Ϫ35 sequence (TTGtgc) were found upstream of the 5Јend of the RNA. Taken together, these findings suggest that gtfC is expressed from its own promoter, as reported previously (21, 23, 53) , and is regulated by CovR.
To determine whether this regulation is direct, we studied the binding of CovR to the PgtfC promoter. We made a PCR product of 247 bp corresponding to positions ϩ125 to Ϫ132 (with respect to the transcription start site) and used it in a DNA-binding assay. As shown in Fig. 7C , MBP-CovR increasingly bound to the PgtfC promoter DNA fragment with increasing amounts of protein. We also observed three retarded species in the gel shift assay, similar to what we observed with the PgtfB promoter. Addition of a 50-fold molar excess of the unlabeled rpsL fragment, had no effect on binding (data not shown). Taken together, our results suggest that CovR specifically binds to multiple sites of PgtfC. DNase I footprinting assays were then performed to localize those DNA-binding sites of CovR on the PgtfC promoter. We used the same 257-bp fragment that was used in the gel shift assay. We found that the DNase I protection region on PgtfC is comparatively smaller than that on PgtfB and spans positions ϩ101 to ϩ5 (Fig. 7D) . Therefore, our results show that CovR also regulates PgtfC expression by binding directly to the promoter.
DISCUSSION
The CovR proteins are very important RRs that influence virulence gene expression in streptococci. In the case of S. mutans, CovR has been shown to repress the gbpC gene, encoding a glucan-binding protein, and the gtfD gene, encoding a GTF that produces water-soluble glucans (32, 51) . These enzymes are involved in sucrose-dependent adherence and cariogenesis. A covR knockout strain was subsequently shown to form an altered biofilm and was hypocariogenic (32) . In this study, we characterized a covR mutant of strain UA159. As previously noted (32, 50), we also found that the covR mutant formed cellular aggregates in liquid culture and showed altered biofilm formation. Notably, we also found that inactivation of covR caused increased production of Gtf-I and Gtf-SI, which are encoded by gtfB and gtfC, respectively. These GTFs are surface-associated extracellular proteins that facilitate adherence and colonization. GtfB and GtfC catalyze the cleavage of sucrose to synthesize water-insoluble glucans, which function as adhesins that help bacteria to anchor to the tooth pellicle (26, 47) .
Although the role of GtfB and GtfC in S. mutans virulence is well established, the mechanisms that control the expression of these proteins are poorly understood. The gtfB and gtfC genes are tandemly arranged, and there is a 198-bp intergenic region between them. There is also a 448-bp intergenic region upstream of the gtfB gene. Although it is thought that these genes are cotranscribed (55) , recent studies showed that gtfB and gtfC are independently expressed (21, 23, 53) . A number of studies indicate that expression of theses genes is dependent on nutritional and environmental conditions, including growth rate, pH, carbon source, and whether the bacteria are grown under biofilm conditions (10, 29, 37, 59) . The expression of gtfB seems to be higher than that of gtfC. By using a real-time PCR assay, Fujiwara et al. showed that the mRNA level of gtfB is approximately 16-, 15-, and 69-fold more than the level of gtfC mRNA during the early, middle, and late exponential phases of growth, respectively (20) . When we measured Gus activity, we found that PgtfB-gusA expression is three-to fourfold higher than PgtfC-gusA expression (Fig. 3 and 7B) . This is consistent with previous studies (20) and correlates with the optimal ratio that induces sucrose-dependent biofilm formation (48) . However, a plasmid-based reporter system revealed that the expression of gtfC is approximately 10 times higher than that of gtfB (23) . This difference in observations could be attributed to the variation of plasmid copy number between the two reporter strains. Alternatively, upstream regions present in the plasmid-based reporter system may not be sufficient to demonstrate the complete regulation pattern.
Several specific factors are also known to affect the expression of gtfBC. For example, the interspecies signaling system mediated by the luxS gene regulates gtfBC expression (61) , although the specific mechanism by which the LuxS system affects gtfBC expression is not known. Another transcription factor, RegM, a protein similar to catabolite control protein A (CcpA), also activates gtfBC expression as much as 10-fold, depending on the pH and glucose content of the medium (9) . In gram-positive bacteria, CcpA-mediated gene regulation can occur via two different mechanisms (58) . CcpA can regulate gene expression by binding directly to the promoter region of the regulated gene at the cis-acting replication element (CRE) sequence (42) or by altering the phosphorylation state of the HPr protein, a key component of the sugar:phosphor transfer system (41) . The consensus sequence for the CRE has been deduced to be TGWNANCGNTNWCA (30) . Analysis of the upstream intergenic regions suggests that several degenerate CRE sequences are present at or near the transcription start sites of both the gtfB and gtfC genes (9, 23) . However, whether RegM binds to these sequences and their role in gene expression have yet to be determined. Recently, a two-component system, VicRK, was shown to activate gtfBC expression (52) . The VicRK system is best characterized in S. pneumoniae and Bacillus subtilis (17, 28, 57) . This system is essential for cell viability in all the bacteria so far studied (17, 18, 52, 57) . The RR VicR directly binds to both the gtfB and gtfC promoters and presumably activates gene expression. A consensus VicRbinding sequence (TGTWAHNNNNNTGTWAH) that seems to serve across many gram-positive organisms was determined by Dubrac and Msadek (14) . As described by Senadheera et al. (52) , two partially conserved VicR-binding sites are present upstream of gtfB (Ϫ126 to Ϫ110 and Ϫ147 to Ϫ138) and one perfectly conserved consensus is present upstream of gtfC (Ϫ26 to Ϫ10). However, there is no experimental evidence that VicR binds to these sequences.
Our results suggest that CovR also regulates both gtfB expression and gtfC expression and that this regulation is direct since CovR binds to both the gftB and gtfC promoters. It appears that multiple binding sites are present on both the gftB and gtfC promoters since we saw at least three retarded species in the gel mobility shift assay. These multiple retarded species are also seen in the case of GAS CovR binding to the hasA promoters and other CovR-regulated promoters (19, 44) . We also observed a large (ϳ100-bp) footprint in a DNase I protection assay on both of the promoters. The protected region was centered on the transcriptional start sites, indicating that binding of CovR to these regions would be expected to inhibit transcription. The large footprint is a common feature of CovR binding to target genes that are generally repressed. For example, Miller and colleagues (44) showed that the average footprint for various target promoters for GAS CovR binding is about 110 bp. Since CovR binds to multiple sites in a given target promoter, it is expected to have a large footprint (19, 25) . We speculate that CovR binding also leads to structural changes such as bending or looping at the target promoters.
In the case of GAS CovR, two different consensus binding sequences have been proposed. Miller et al. (44) proposed a 16-bp motif, T(T/A)ATTTTTAA(A/T)AAAA(C/A), which is present in the majority of promoters regulated by CovR. However, based on detailed analysis of multiple binding sites present on a single promoter (hasA promoter), Federle and Scott (19) proposed a smaller hexanucleotide motif, ATTARA. This motif is present in all of the binding sites on the PhasA promoter, and mutations in this motif interfered with CovR binding and CovR-mediated repression. While this motif is important for DNA binding, CovR can also bind to promoter regions that are devoid of this ATTARA sequence (25) . For GBS CovR, a nonanucleotide motif (TATTTTAAT) has been proposed for the consensus sequence. While this sequence is clearly different from those reported to be recognized by GAS CovR, the only similarity is that all are AT rich. Although these sequences may play an important role in DNA binding, they may not be sufficient for recognition of the target promoter by CovR, since they occur more frequently in the genome than do the genes regulated by CovR (24, 36) .
When we analyzed the DNase I-protected regions, we did not find any 16-bp GAS consensus motif (44) in the PgtfB or PgtfC promoter. But we found one ATTARA sequence (19) only on the PgtfB promoter. We also did not find any GBS CovR consensus (36) DNA-binding site on either of these two promoters. This indicates that S. mutans CovR recognizes a motif different from that of the GAS or GBS consensus sequence. Our results only suggest that CovR binds to large regions on the target promoters but do not give any indication of the minimal binding site necessary for CovR. Sequence comparison of the DNase I-protected regions from gtfB and gftC revealed that the most common feature between these two promoters is the high degree of AT-rich 6-to 8-bp motifs. In addition, we found a unique decanucleotide motif, GTGTTA CAAT, present in the protected regions of both PgtfB and PgtfC. We do not know the significance of this decanucleotide motif or other small AT-rich motifs in CovR binding. Experiments are under way to determine their role in DNA binding.
For many RRs, phosphorylation changes the conformation of the protein in such a way that either its affinity for the target DNA is enhanced or the oligomerization state is altered (27, 35) . In the case of GAS CovR, phosphorylation leads to at least a twofold increase in its affinity for its target promoters and extends the region of DNase I protection (19, 25) . Moreover, GAS CovR has also been shown to form oligomers upon phosphorylation (44) . On the contrary, we did not find any obvious difference in affinity for the PgtfB (Fig. 5) or PgtfC (data not shown) promoter sequence when CovR was preincubated with acetyl phosphate. The fact that phosphorylation of CovR had no detectable effect on DNA binding is not surprising. The effect of phosphorylation of some RRs can be very specific, depending on the promoter structure (54). Thus, it is possible that the phosphorylation status of CovR does not alter its effect on PgtfB. Alternatively, since in this organism CovR appears to be an orphan (no cognate CovS), it is possible that phosphorylation does not play any role in CovR-mediated gene expression. However, like S. mutans CovR, CovR from GBS also binds to its target promoter with equal affinity with or without acetyl phosphate treatment (36) . This difference in behavior among the S. mutans, GAS, and GBS CovR proteins could be attributed to their sequence difference, which is as much as 75%.
Like many other RRs, CovR also binds to multiple sites on the PgtfB and PgtfC promoters. In most cases, an RR bound at one site influences binding to nearby sites. Although it was not measured directly, however, our DNA-binding results suggest that CovR binding to the promoters tested does not appear to be cooperative, because increasing amounts of CovR resulted in the formation of multiple retarded complexes. This is not surprising since the mode of CovR binding varies significantly, depending on the promoter. For example, GAS CovR binds to the Phas and Pcov promoters noncooperatively (19, 25) but binding to the Psag promoter is highly cooperative (22) . In this case, phosphorylation also played a significant role in cooperative DNA binding (22) .
CovR is an important global regulator which is directly involved in the pathogenesis of GAS and GBS (15, 33) . In these organisms, CovR acts as both an activator and a repressor for a large number of genes (24, 36) . In the case of S. mutans, CovR has been shown to be required for cariogenesis (32) . So far, only four genes have been shown to be regulated by CovR; however, they all are important virulence factors necessary for biofilm development and pathogenesis. Although all the genes so far described are repressed by CovR, we have seen that CovR can also activate some other virulence factors (I. Biswas, unpublished data). Although CovR-controlled genes belong to the surface-associated or secreted proteins in GAS, GBS, and S. mutans, CovR is also involved in bacterial stress responses. In GAS, Dalton and Scott (13) showed that the CovR/S system responds to several stress conditions. Under stress conditions, CovS inactivates CovR, either directly or indirectly, to derepresses GAS genes needed for growth under stress and genes involved in virulence. Like GAS, CovR in S. mutans is also inactivated by several stress conditions (51) , although the mechanism for this is not known and no CovS ortholog has been identified in S. mutans. Efforts are currently being made to identify the environmental cues to which CovR responds and to identify the cognate sensor kinase for CovR.
In conclusion, this work provides significant insight into important regulatory functions of CovR in S. mutans. However, further studies are necessary to define the complete CovR regulon, which are currently being pursued in our laboratory. Determining the nature of the interaction between CovR and its target promoters is the first step toward understanding the CovR signaling pathway. Deciphering the molecular mechanism(s) and identifying genes directly regulated by CovR can improve our understanding of virulence gene regulation in S. mutans and facilitate the identification of novel targets suitable for drug development to control cariogenesis.
